In Pakistan, reinforced concrete frame houses are the most widely used and common construction technology. In a country that experiences extreme hot and cold seasons throughout the year, buildings need to be adaptable to the climate to improve the thermal comfort of the inhabitants. Therefore, the aim of this study was to improve thermal comfort in reinforced concrete frame houses using passive design and energy efficiency measures in Quetta, Pakistan. Thermal comfort of a representative house was investigated using a building performance simulation. The building model created in EnergyPlus was validated by comparing it with on-site monitored data in both summer and winter seasons. The model was calibrated using statistical methods. Then, the calibrated model was used to perform a whole year simulation in which various orientations, ventilation, passive design, and energy efficiency strategies were applied to perform parametric analysis for the improvement of thermal comfort. The best fit-to-context thermal comfort model was selected, and the potential of bioclimatic design strategies was quantified. The results indicate that by adopting passive design strategies comfort hours can be increased from 43% to 59%. The results of the study revealed many findings which could be useful for architects and building engineers to set a future direction for improvement of indoor comfort in Quetta as well as in many other areas of Balochistan Province in Pakistan.
Introduction
Pakistan is a large country with a rapidly growing population of more than 207 million inhabitants in 2017 [1] . The annual rate of rural-urban migration is 3%, which is the highest in South Asia. According to the estimates of the United Nations Population Division, by 2025 nearly half of the country's population, currently 38 percent, will live in urban areas [2] . This increasing population has brought several challenges and socio-economic problems. The provision of adequate housing remains a challenge in Pakistan where the total backlog of housing units is between 9-10 million units [3] , and the housing backlog in urban areas is 3.5 to 4 million units [4] . The gap is increasing by 0.4 million units per year [5] .
Climate is another important factor in Pakistan because it has impacts on water, health, energy, agriculture, biodiversity, socio-economic factors, and the building sector. Pakistan has a wide range of climatic conditions; while the highlands of Balochistan are arid and cold, the coastal areas in Sindh and Balochistan are warm and humid and Northern Sindh and Central Punjab are extremely hot and semi-arid, whereas the climate in Northern and North-Western parts of Pakistan can be cold [6] . The global climate is continuously evolving and in the last two centuries, environmental issues and climate change have become emerging problems.
Pakistan has also faced an energy crisis for the last several years. The crisis started with a shortage of energy and imbalance between demand and production. In addition, there are problems with energy transmission and distribution. The old and inefficient electricity distribution network causes line losses. During the financial year 2018-2019, distribution firms suffered 18.3 percent of line losses [7, 8] . Pakistan has an irrational and increasingly unaffordable electricity generation mix of 62.1% thermal, 25 .8% hydroelectric, 8.2% nuclear, and only 3.9% renewables [9] . Subsidies in the energy sector have been reduced in recent months, which has created an immense burden of utility bills on the public [10] . On the other hand, the housing sector in Pakistan is the main consumer of electricity and used nearly half of the country's electricity, i.e., 48%, produced during the period July 2018 to March 2019 [9] . Houses in Pakistan are mainly constructed without considering the local climate and socio-cultural context. Reinforced concrete frame houses are the main and most wide-spread construction technology across the nation. Personalized active systems, such as radiant gas heaters and split air conditioners are used to provide comfortable temperatures inside houses which increase energy usage and cost.
In this study, we focus mainly on houses of Quetta as a representative of Balochistan Province. Quetta is the tenth largest city of Pakistan and the provincial capital of Balochistan, with an urban population of more than 1 million. The city of Quetta is densely populated and the average population growth rate during the period 1998-2017 was 3.05% per annum [1] . According to the Köppen-Geiger climate classification Quetta lies in a cold semi-arid climate zone (BSk). It has a semi-arid and dry climate with low humidity, mild to extremely cold winters, and hot summers. Quetta is situated outside of monsoon range, but the city receives snowfall mostly in December, January, and February. The city is also located at high altitude with an average elevation of 1680 m [11] . It has extreme weather conditions, with recorded temperatures of 42 • C in summer and −18.3 • C in winter [12] , which requires context and climate-based design recommendations for best practices.
In the context of the above-stated facts, there is a need to investigate the thermal performance of existing houses and provide updated recommendations on how to design housing to achieve maximum indoor thermal comfort in hybrid buildings. Hybrid buildings fall between free-running and fully space-conditioned buildings. A review of the literature shows that there are insufficient studies that address above mentioned issue and provides recent weather data based design recommendations using building performance simulations (BPS). In Pakistan, some previous studies have investigated the relationship between the thermal comfort of the occupants and climate in residential and office buildings [6, [13] [14] [15] . Nicol et al. performed two surveys in office buildings of five different cities in Pakistan and found a definite relationship between outdoor climatic conditions and indoor comfort in line with an adaptive approach to thermal comfort. The research also revealed wide variations in indoor temperatures in the buildings in Pakistan due to specific building designs, layout, and a limited ability to control indoor temperatures [6] . Another study focused on the residential buildings in Quetta, Pakistan and the effects of climate on indoor thermal comfort of residential buildings. Results concluded that the houses were designed and built without considering climatic conditions and were unable to withstand extreme temperatures. As a consequence, this created discomfort for the occupants [13, 14] . Khan compared the traditional building designs with modern residential building designs in Pakistan. The results determined that traditional buildings performed better with regard to temperature variations, reducing the ambient temperature and offering various comfort zones to the occupants during the hot summer [15] .
In Asia, various studies have been conducted focusing on comfort and thermal performance of buildings [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] . However, thermal comfort studies are significantly rare in the region of South Asia (Afghanistan, Bangladesh, Bhutan, India, the Maldives, Nepal, Pakistan, and Sri Lanka). [17] . A simulation-based study was conducted to improve the thermal performance of a traditional residential house in Assam, India [18] . In another study, the effect of a cool roof on the built environment was explored in composite and hot and dry climates of India [19] . Some of the important studies conducted on thermal comfort in Southeast Asia are presented here. Nguyen et al. proposed an adaptive thermal comfort model for the hot humid climate of Southeast Asia [20] . Nguyen and Reuter investigated the thermal performance of a low-cost apartment in Danang, Vietnam [21] . Toe investigated the application of passive cooling to optimize thermal comfort in houses in Malaysia [22] . Nughoro et al. did a preliminary study of thermal comfort in single-storey terraced houses in Malaysia [23] . Feriadi et al. investigated thermal comfort in naturally ventilated houses in Indonesia [24] . Wong et al. evaluated thermal comfort in naturally ventilated public housing in Singapore [25] . Bhikhoo et al. explored passive design strategies to improve thermal comfort in low-income housing in Thailand. The study concluded that comfort can be increased by insulating roofs and adding balconies [26] .
The above literature shows that there is a wide knowledge gap regarding housing and comfort in Pakistan. Hence, this study aims to improve indoor thermal comfort in common buildings in Quetta and raise awareness of climate sensitivity. The following objectives are set for this study:
(1) investigation of indoor thermal comfort in existing houses and (2) identification of possible measures for the improvement of indoor thermal comfort. The paper presents the background of the study and an introduction of the study area and highlights the aim, objectives, and impact of this study. It further focuses on a literature review, reference case selection, measurements, building modelling and calibration to validate the measured and simulated data as well as parametric simulation and analysis. Comparison of four different comfort models was done to select the best fit-to-context comfort model for the climate of Quetta. The potential of bioclimatic design strategies is analyzed and the results of each strategy with the percentage of comfort improvement are presented. Finally, recommendations for future work are outlined.
With the improvement of socioeconomic conditions, it is expected that awareness regarding comfort and the need for active cooling and heating demand will increase. In this context, this study provides unique guidance for designers, builders, and owners to design and operate healthy and energy-efficient buildings. The added value of this work is not only to address issues in Quetta but to extend the results to several cities of Balochistan Province since Pakistan has a variety of climatic conditions from its north to its south; the proposed strategies are context-specific and cannot be used in other regions of the country without further investigation.
Methodology
A conceptual framework of study was developed that summarizes and visualizes the research methodology of this paper. As shown in Figure 1 , the conceptual study framework is based on six axes which will be described in the following sections.
Reference Case Selection
A housing survey was conducted in order to identify the characteristics of existing housing in Quetta. The survey included questions on characteristics of the households (socio-demographics and household size, etc.), housing characteristics, main materials and construction type, energy, water, and waste profiling, etc. In total, 215 houses were surveyed in 32 residential areas of Quetta. Questionnaires were filled and plans were drawn by the survey team. It was found that majority of the houses (64%) were constructed using the same building materials and construction techniques. This type of house is generally called a reinforced concrete frame (RCF) house [27, 28] . RCF houses are wide-spread and the most acceptable typology in Quetta as well as in other areas of Pakistan. It was also identified through the survey that most of the houses (48%) are single-storey houses with one or more families living in the same house. It was observed that passive design measures and use of Sustainability 2019, 11, 5203 4 of 21 insulation for comfort are uncommon in Quetta. The residents mainly rely on fans and personalized heating and cooling units for indoor thermal comfort. Considering this situation, a representative single-storey RCF house was selected for this study based on the most common typology, construction techniques, building materials, and characteristics of the households. 
A housing survey was conducted in order to identify the characteristics of existing housing in Quetta. The survey included questions on characteristics of the households (socio-demographics and household size, etc.), housing characteristics, main materials and construction type, energy, water, and waste profiling, etc. In total, 215 houses were surveyed in 32 residential areas of Quetta. Questionnaires were filled and plans were drawn by the survey team. It was found that majority of the houses (64%) were constructed using the same building materials and construction techniques. This type of house is generally called a reinforced concrete frame (RCF) house [27, 28] . RCF houses are wide-spread and the most acceptable typology in Quetta as well as in other areas of Pakistan. It was also identified through the survey that most of the houses (48%) are single-storey houses with one or more families living in the same house. It was observed that passive design measures and use of insulation for comfort are uncommon in Quetta. The residents mainly rely on fans and personalized heating and cooling units for indoor thermal comfort. Considering this situation, a representative single-storey RCF house was selected for this study based on the most common typology, construction techniques, building materials, and characteristics of the households.
The selected reference case house is a detached single-storey house located in the north of Quetta city. This house was constructed in the late 1980s and renovated in 2017. The family consists of eight members and the house was occupied during the monitoring period. The covered area of the house is 112.6 m 2 and consists of three bedrooms, a living room, a guest room, bathrooms, and a kitchen. The plan and the front view of the selected house are presented in Figure 2a ,b. The selected reference case is a hybrid building, where radiant gas heaters are used for personalized heating and only the bedrooms and living room are heated. The reference case uses single glazed windows, a reinforced cement concrete (RCC) roof, and a plain cement concrete (PCC) floor, which is similar to the majority of the houses which use the RCF system [27, 28] . Further descriptions of the reference case are given in Subsection 2.3 and Table 2 . The selected reference case house is a detached single-storey house located in the north of Quetta city. This house was constructed in the late 1980s and renovated in 2017. The family consists of eight members and the house was occupied during the monitoring period. The covered area of the house is 112.6 m 2 and consists of three bedrooms, a living room, a guest room, bathrooms, and a kitchen. The plan and the front view of the selected house are presented in Figure 2a ,b. The selected reference case is a hybrid building, where radiant gas heaters are used for personalized heating and only the bedrooms and living room are heated. The reference case uses single glazed windows, a reinforced cement concrete (RCC) roof, and a plain cement concrete (PCC) floor, which is similar to the majority of the houses which use the RCF system [27, 28] . Further descriptions of the reference case are given in Section 2.3 and Table 2 . 
Measurements
For this study, indoor air temperature and relative humidity were monitored simultaneously in one bedroom and the living room. Previous studies confirm that the living room or bedroom of a house can be selected as representative of the whole building. Colton et al. used the measurements taken in the main living space of an apartment as representative of the whole apartment [29] . In another study, the measurements taken in living and bedrooms of apartments were considered 
For this study, indoor air temperature and relative humidity were monitored simultaneously in one bedroom and the living room. Previous studies confirm that the living room or bedroom of a house can be selected as representative of the whole building. Colton et al. used the measurements taken in the main living space of an apartment as representative of the whole apartment [29] . In another study, the measurements taken in living and bedrooms of apartments were considered representative for the assessment of each apartment [30] . Therefore, the measurements done in the living room of the reference case were considered representative and were used for calibration purposes. The weather data of Quetta Weather Station was initially obtained from the Pakistan Meteorological Department (PMD). Later, this data was found inappropriate to be used for simulation. Therefore, an extrapolated weather file of Quetta was used for simulation. The temperature and humidity were monitored using a HOBO U12-012 data logger. This was a four-channel data logger with 12-bit resolution. The same equipment has been used in scientific studies performed previously [31] [32] [33] [34] . The monitoring was done in both summer and winter for four weeks in each season, i.e., from 27th July to 23th August 2017 and 28th December 2017 to 24th January 2018. The data loggers were kept at the center of the spaces and at a height of 1.4 m to avoid any errors in measurements due to radiation from the floor and surrounding surfaces.
In addition, airflow and carbon dioxide concentration were also monitored as a part of our field study. A Testo-405 thermal anemometer was used to measure air velocity and a Testo 160 IAQ was used to measure carbon dioxide concentration. The average measured airflow was always below 0.3 m/sec, which we found significant. Hence, we included an air speed of 0.3 m/sec in all our calculations. However, this study does not focus on indoor air quality. Table 1 presents the clothing and metabolism values calculated based on the field study. For simplification we used clothing levels of 0.4 clo for summer, 0.7 clo for winter, and a metabolism value of 0.9, rather than specifying separate values based on age and gender. Besides, local discomfort was not identified during this study due to the use of personalized heating or cooling equipment. The influence of clothing and level of metabolism did not affect the comfort calculations significantly. 
Building Simulation and Modelling
A survey questionnaire was filled to collect the input data from the occupants of the house and a semi-structured interview was conducted with the head of the household to obtain more details of the various necessary inputs, such as household size; actual drawings; details of construction techniques; materials, their thermo-physical properties; and various schedules based on the occupants behaviour and occupancy, etc. The data collection included specific information related to comfort during summer and winter (clothing, activity, food type and adaptive behaviour). Input data and schedules used for the building simulation and modelling are presented in Table 2 and Appendices A and B. A few of the thermal properties of building materials used in the simulation model are based on the previous work of Saeed et al. [35] and Shaheen et al. [36] . The EnergyPlus simulation program developed by the Department of Energy of the United States was used for building simulation given its suitability and robustness [37] . A virtual model of the actual house (reference case) was created based on the actual measurements, sizes, schedules, and specification of materials which reflects the reality. 
Calibration of the Simulation Model
The simulated data was calibrated by comparing with the measured data to create conditions which were most suitable for the actual measurements. The calibration method used included several steps based on the ASHRAE Standard 140-2017 and in line with previously published studies [21, [38] [39] [40] . Firstly, to create a suitable weather input, site-specific hourly data from a baseline period had to be collected. Secondly, weather data was to be joined into a single data file for use with the EnergyPlus simulation program. However, the weather data obtained from the Pakistan Meteorological Department (PMD) was found inappropriate to be used for the simulation. Therefore, an extrapolated weather file of Quetta was used. Thirdly, all the construction and architectural details collected during the site visit were carefully entered in the simulation program. Then, the simulation was performed, and the results were extracted and compared with measured values. A graphical representation of the calibrated data was used to analyze the difference between measured and simulated data and some appropriate modifications to the model were applied. A manual calibration method was used together with statistical approaches and methods, such as the normalized mean bias error (NMBE) and coefficient of variation of root square mean error (CV(RMSE)), as reliable measures to verify the calibration. Another method used for the calibration, linear regression analysis, was used to graphically assess the accuracy and correlation; this is presented in Section 3.1.
Normalized Mean Bias Error
Coefficient of Variation of Root Square Mean Error
In the above equations, Equations (1) and (2), Np is the total number of data values, Mi (where i = 1, 2 . . . Np) represents the measured data, and Si (where i = 1, 2 . . . Np) represents the simulated data. Using these equations, a simulated model is considered calibrated when NMBE is not larger than 10% and CV(RMSE) is not larger than 30% when hourly data are used for the calibration. In this research, hourly data were used for the calibration of the simulation model.
Comfort Model and Parametric Analysis
Three actions took place at this stage: (1) selection of the comfort model, (2) sensitivity analysis, and (3) an optimized simulation model based on the results of the parametric analysis. Four comfort models were compared using the climate of Quetta, namely Fanger's model [41] as implemented in ISO 7730 [42] , the American adaptive comfort model as mentioned in ASHRAE 55 [43] , the European adaptive comfort model as reported in EN 16798-1 [44] , and Givoni's model [45] . Similar to the work of Attia et al. [46] , the results of the comparison allowed for the selection of the best fit-to-context model.
Firstly, the steady-state models were avoided since they neglect the effect of humidity adaptation by people and because residential and hybrid buildings are often not in a steady-state condition. Secondly, Givoni's model was reviewed; the model proposes 30 • C and 90% relative humidity and up to 32 • C and 93% relative humidity [45] . It was found that in the dry semi-arid climate of Quetta the percentage of relative humidity remains lower than the proposed limits. Nevertheless, this study is based on small scale field surveys to justify the proposed comfort zone limits. Therefore, the ASHRAE Standard 55 adaptive comfort model was selected as it focuses on temperature rather than relative humidity. It was also found that Pakistan follows ASHRAE standards and that the existing Building Code of Pakistan (Energy Provisions-2011) is also based on ASHRAE standards [8, 47] .
Then, a whole year simulation was performed considering heating and without heating scenarios. In the first scenario, the existing heating units were kept on in living room and bedrooms during winter period while in second scenario heating units were kept off in all zones round the year. The most suitable comfort model was used to classify comfort hours in the reference case. Furthermore, all possible orientations were analyzed to find out which was the most ideal building orientation for the reference case. Lastly, a parametric analysis was performed by applying architectural strategies to improve comfort hours in the selected house.
Bioclimatic Design Strategies Analysis
Psychometric charts can be difficult to understand for many architects, and therefore, a simplified chart for climate analysis was used [48] [49] [50] [51] . The chart of DeKay and Brown was used to visualize the results of the potential of bioclimatic design strategies based on the simulation results. The results are integrated with DeKay and Brown's chart [52] to quantify the potential of bioclimatic design strategies for the improvement of thermal comfort. 
Results

Validation of Calibration of the Simulation Model
The simulation model was calibrated for two important seasons, i.e., summer and winter. Manual calibration was selected as a method of calibration and several iterations were run for this purpose. The simulated results were matched with the monitored indoor air temperatures. Furthermore, the NMBE and CV(RMSE) equations were applied for the calibration, considering the allowable limits to satisfy both equations. In order to assess the accuracy and correlation of the calibration, linear regression analysis was performed. The correlation coefficient (R 2 ) of the final prediction versus measurements of 0.843 in summer and 0.941 in winter was considered satisfactory to verify the calibration of the simulation model. Table 3 
Comfort Model and Parametric Analysis
The results of comparing four different comfort models can be found in Figure 5 . The outdoor air temperature of the whole year is presented together with the comfort ranges of each comfort model. Fanger found that the optimal operative temperature, which satisfies most people at a given clothing and activity, ranges between 18 °C and 22 °C [41] . The temperature range in the adaptive comfort model-EN 16798-1 ranges between 29 °C in summer and 20 °C in winter; these temperatures are not suitable comfort temperatures for the climate of Quetta. Givoni's bioclimatic model ranges 30-32°C with a relative humidity of 90-93%. Since the climate of Quetta is semi-dry and arid these 
The results of comparing four different comfort models can be found in Figure 5 . The outdoor air temperature of the whole year is presented together with the comfort ranges of each comfort model. Fanger found that the optimal operative temperature, which satisfies most people at a given clothing and activity, ranges between 18 • C and 22 • C [41] . The temperature range in the adaptive comfort model-EN 16798-1 ranges between 29 • C in summer and 20 • C in winter; these temperatures are not suitable comfort temperatures for the climate of Quetta. Givoni's bioclimatic model ranges 30-32 • C with a relative humidity of 90-93%. Since the climate of Quetta is semi-dry and arid these ranges will not provide comfortable indoor conditions. However, the ASHRAE 55 adaptive comfort model presents comfort temperatures ranging between 22 • C in winter to 26 • C in summer with respect to the outdoor temperature. Hence, this model was found to be most suitable for the climate of Quetta. A whole year simulation was performed to identify comfort hours using the ASHRAE-55 adaptive comfort model. This model was found to be suitable for the climate of Quetta as it focuses on temperature and considers allowable humidity of up to 100%. Figure 6a ,b present the comfort hours in the reference case with heating (42.9%) and without heating (38.7%). This shows that the existing heating equipment is unable to provide optimal thermal comfort, which leads to the adaptive measures of comfort, which have been previously discussed by Mahar et al. [14] . The calculated comfort percentage was taken from the number of hours which fall under the 90% limit of the ASHRAE-55 adaptive comfort model [43] . A whole year simulation was performed to identify comfort hours using the ASHRAE-55 adaptive comfort model. This model was found to be suitable for the climate of Quetta as it focuses on temperature and considers allowable humidity of up to 100%. Figure 6a ,b present the comfort hours in the reference case with heating (42.9%) and without heating (38.7%). This shows that the existing heating equipment is unable to provide optimal thermal comfort, which leads to the adaptive measures of comfort, which have been previously discussed by Mahar et al. [14] . The calculated comfort percentage was taken from the number of hours which fall under the 90% limit of the ASHRAE-55 adaptive comfort model [43] .
Effect of the Orientation
Thermal comfort of a building also depends on its orientation. In order to find out the best possible orientation of the reference case, eight possible orientations were assumed. Figure 7 and Table 4 present the possible orientations for the selected reference case and the percentage of comfort hours for each orientation. It was found that the existing orientation of the reference case, i.e., south, is the best possible orientation for more comfort hours throughout the year. 
Thermal comfort of a building also depends on its orientation. In order to find out the best possible orientation of the reference case, eight possible orientations were assumed. Figure 7 and Table 4 present the possible orientations for the selected reference case and the percentage of comfort hours for each orientation. It was found that the existing orientation of the reference case, i.e., south, is the best possible orientation for more comfort hours throughout the year. Some architectural strategies were used, and their effectiveness was examined in terms of thermal comfort. These strategies include thermal mass, insulation materials, ventilation, and changing thermal properties of the materials etc. The description of each strategy together with the corresponding comfort improvement is given in Table 5 . 
Effect of Other Strategies Compared with the Reference Case
Some architectural strategies were used, and their effectiveness was examined in terms of thermal comfort. These strategies include thermal mass, insulation materials, ventilation, and changing thermal properties of the materials etc. The description of each strategy together with the corresponding comfort improvement is given in Table 5 . Table 5 . Details of strategies used and their simulated performance.
Strategies
Name Description Comfort Hours (%) Comfort Improvement (%)
Thermal mass
Case A The thickness of the external walls was doubled from 0.34 m to 0.6 m. This raised the thermal resistance from 0.69 to 1.17 m 2 K/W.
43.9
Yes ( By applying the above strategies, comfort improvement was noticed in Cases C (1.4%), D (10.7%), and E (2.2%). Therefore, these strategies were combined for comfort improvement as shown in Cases F (13.2%) and G (14.6%). In Case H, a combination of strategies used in Cases C, D, and E, were applied together with full day ventilation in summer. The results showed the improvement of indoor thermal comfort from 42.9% to 58.5%, i.e., an increase of 15.6%, which is also presented in Figure 8 .
strategies and ventilation
H ventilation in summer.
By applying the above strategies, comfort improvement was noticed in Cases C (1.4%), D (10.7%), and E (2.2%). Therefore, these strategies were combined for comfort improvement as shown in Cases F (13.2%) and G (14.6%). In Case H, a combination of strategies used in Cases C, D, and E, were applied together with full day ventilation in summer. The results showed the improvement of indoor thermal comfort from 42.9% to 58.5%, i.e., an increase of 15.6%, which is also presented in Figure 8 . 
Bioclimatic Design Strategies Analysis
DeKay and Brown's chart [52] was used to further explore the potential for various bioclimatic design strategies. The aim was to avoid the use of psychometric charts, which are difficult to understand for many architects [48, 53] . The potential of bioclimatic design strategies based on the climate of Quetta is illustrated in Figure 9 . It can be seen that high thermal mass and passive solar heating can significantly improve comfort in winter. Shading, natural ventilation, and humidification are more important in summer.
Results from the optimized model (i.e. Figure 8 ) were plotted on DeKay and Brown's chart. Table 6 presents the quantified values of each bioclimatic design strategy, the number of effective hours, and the comfort percentage, in a year. It was concluded that bioclimatic strategies such as passive solar heating (38.6%), shading (17.5%), high thermal mass (10.6%), natural ventilation (7.8%), and humidification (23%) can be used in the climate of Quetta. However, the effects of the combination of two or more strategies are not explored in this study. 
Results from the optimized model (i.e., Figure 8 ) were plotted on DeKay and Brown's chart. Table 6 presents the quantified values of each bioclimatic design strategy, the number of effective hours, and the comfort percentage, in a year. It was concluded that bioclimatic strategies such as passive solar heating (38.6%), shading (17.5%), high thermal mass (10.6%), natural ventilation (7.8%), and humidification (23%) can be used in the climate of Quetta. However, the effects of the combination of two or more strategies are not explored in this study. Table 6 . Potential of bioclimatic design strategies based on Figure 9 . Figure 9 . Bioclimatic design strategies using DeKay and Brown's chart [52] . Table 6 . Potential of bioclimatic design strategies based on Figure 9 . 
Principle
Discussion
The findings of this study are discussed further in three sub-sections which include the main findings and recommendations, strengths and limitations of the study, and study implications and future research.
Main Findings and Recommendations
For this study, a reference case model was created using a representative typology. The indoor climate was monitored, and a virtual model was created, simulated, calibrated, and optimized using parametric analysis. Furthermore, the potential of bioclimatic design strategies was discovered using DeKay and Brown's chart [52] . The results show that up to 59% of annual comfort hours (with the existing heating system) can be achieved using passive design strategies and without additional mechanical systems.
Since there are no thermal comfort models for Pakistan, four different comfort models were compared, and it was found that the ASHRAE-55 adaptive comfort model is the best fit-to-context thermal comfort model for Quetta. The potential of various bioclimatic design strategies was explored and quantified as shown in Figure 9 and Table 6 . The bioclimatic analysis indicates that passive design strategies, such as passive solar heating, shading, high thermal mass, natural ventilation, and humidification, can be useful in the climate of Quetta if buildings are designed and constructed properly.
Strengths and Limitations of the Study
The strengths of this study relate to combining real monitoring datasets with an advanced building performance simulation. The study used high-quality data gathered through monitoring, questionnaires, on-site visits, and semi-structured interviews with the residents. The calibration techniques applied, follow state-of-the-art methods and are similar to the work of Nguyen et al. [21] and Fabrizio et al. [39] . This is the first study that investigates thermal comfort of buildings in the context of Quetta and Pakistan. This is in contrast to previous work (i.e., that by Nicol et al. [6] , Mahar et al. [13, 14] , and Khan [15] ) which has only focused on surveys and monitoring of indoor climate in residential and office buildings.
DeKay and Brown's chart was used to identify and quantify the potential of bioclimatic design strategies in Quetta, taking into account the buildings' performance. This method was also used by Attia et al. [48] and Roshan et al. [53] . DeKay and Brown's chart simplifies the potential of various bioclimatic design strategies for the better understanding of architects compared to complex psychometric charts.
Additionally, four different comfort models were tested to identify the best-fit-context comfort model for the climate of Quetta. This was also important as there has been no comfort model previously used or adopted for Pakistan. The ASHRAE-55 adaptive comfort model was found to be the best comfort model for the climate of Quetta, which is a dry and heating-dominated climate.
On the other hand, this study has some limitations. It only focuses on one single building typology using a manual calibration method. More importantly, the study did not investigate the combined effects of different passive design measures. Therefore, further research should explore wider solution spaces and reduce study uncertainty.
Study Implications and Future Research
This study raises awareness regarding thermal comfort and allows for architects and building designers to inform their decision-making regarding design priorities and design strategy effectiveness. The study findings are helpful to create a new design guide for bioclimatic design in Quetta. In the long term, the presented results can further lead to the creation of an energy-efficiency code for Quetta city. Legislation must force permits and code-compliance certifications for renovation as well as new constructions to improve thermal comfort and energy efficiency in building stock.
Also, we should emphasize that the building construction quality of most residential houses in Quetta is poor from a thermal performance point of view. The construction market lacks the knowledge and materials to build good performing buildings. The Pakistani supply chain for green or energy-efficient construction materials and products is vacant. At the same time, our study proves that there is a very high potential to achieve good thermal comfort in dwellings by applying simple passive design measures combined with high-quality construction techniques. Our characterization of Quetta's climate and the simulation of our case study confirm that basic thermal and solar control strategies, airtightness, and passive cooling strategies can significantly improve comfort. Therefore, future research should look at the materialization of strategies into solutions using affordable construction techniques and local materials. This can encourage developing design and construction methodologies and prototypes that can lead the transition of building stock towards being sustainable and energy-efficient.
We believe that the methodology used in this study can be transferred to other areas of Pakistan to investigate the most suitable design strategies to improve thermal comfort in different climatic zones of the country. Future research should focus on sensitivity analysis and multi-objective optimization combining comfort with cost, energy-efficiency, and carbon emissions, etc., to obtain optimal solutions for newly constructed residential buildings in Quetta.
Conclusions
This study aimed to investigate the potential for the improvement of indoor thermal comfort in the most common housing typology in Quetta, Pakistan. The findings are not only valuable for improving comfort in the existing building, but they can be more effective in informing designers and homeowners of new constructions.
The results confirm that adopting passive design strategies may lead to up to 59% of comfort hours (with the existing heating system) without adding other mechanical solutions, which can be explored later to achieve maximum comfort throughout the year. The climate of Quetta is heating-dominant; therefore, passive solar heating and insulation are the most important design strategies. Hence, the focus should mainly remain on comfort in the cold season. The study concludes that the ASHRAE-55 adaptive comfort model is the best fit-to-context thermal comfort model for the climate of Quetta.
Given the geographic and climatic particularity of Quetta, since it is located at a high altitude and has its own micro-climate, this is the first study that investigates thermal comfort based on local and universal knowledge. In this study, a mixed study approach was used that allowed for the verification of the climatic, physical, and behavioral reality of housing in Quetta. An advanced simulation approach was used to test and validate design recommendations for future designers. The paper provides insights for local practitioners and sheds light on the best design practices for the climate of Quetta. This study allows future researchers to go one step further and investigate solutions and technologies to achieve maximum comfort throughout the year using passive design strategies.
The following recommendations are given based on the investigation of this study for the improvement of thermal comfort in houses. The findings of this study prove that thermal comfort can be improved using passive and bioclimatic design strategies.
(1) High thermal mass, passive solar heating, and insulation are recommended in the climate of Quetta for the improvement of thermal comfort, particularly in the winter season. (2) Shading, natural ventilation, and humidification will increase comfort in summer when the humidity level is very low. (3) Behavioural adaptation such as opening windows and using fans can improve comfort. (4) The ASHRAE-55 adaptive comfort model is the best fit-to-context comfort model for the climate of Quetta. (5) Passive design measures can improve comfort; however, there will be a need for an efficient active system to achieve better comfort conditions. 
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